The high energetic wave climate of the North Atlantic Ocean causes important morphological changes at Figueira da Foz coastal system (W Portugal), which is comprised of sandy beaches and the Mondego estuary-inlet. The submerged sandbar at the inlet mouth is highly dynamic inducing short waves shoaling and breaking processes that can entail navigation problems towards the local harbor. Therefore, coastal dredging operations are performed to guarantee safe navigation. Nevertheless, these operations have a limited temporal effectiveness and require a high annual budget to be accomplished. The goal of this research is to seek long-life dredging alternatives using modeling tools (i.e., Delft3D model suite). Delft3D model is used to simulate the morphological evolution of five dredging scenarios during a three-month winter period under three wave climate scenarios. The bed level differences at the dredged area and at the inlet mouth for each scenario are analyzed in comparison with numerical solutions obtained in a reference scenario (i.e., no-dredging). Results highlight morphological changes at the dredged inlet and surrounding areas and their effectiveness in extending the operational lifetime of inlet dredged operations on dredging configuration and wave climate conditions. These findings are the basis for selecting the most suitable dredging scenario to this coastal region under current wave climate conditions.
Introduction
Tidal inlets establish a connection between the coastal ocean and the sheltered back-barrier environment, such as lagoons, estuaries, bays, and marshes. They allow the exchange of water, sediments, nutrients, organisms, and pollutants between these systems and provide a waterway towards the harbors located at the back-barrier environments. For these reasons, tidal inlets are regarded as environments with high ecologic and socio-economic values. Hence, stakeholders are aware of the importance of their correct management to increase their resilience. Nevertheless, this task requires a large effort because tidal inlets are highly dynamic morphological environments. Their behavior is the result of the interplay between oceanic processes, such as waves, tides and mean sea level, fluvial/estuarine processes, such as river discharges, and geological constraints on varying spatial and temporal scales [1, 2] .
Tidal inlets present shoaling problems due to the dynamic of submerged sandbars that constitute a risk to navigation among others [3] [4] [5] [6] . Therefore, coastal scientists and engineers have been looking for solutions that can be gathered into two groups: structural, such as groins, jetties, and sand bypassing systems, and non-structural, such as dredging operations (e.g., in [7] [8] [9] [10] [11] [12] [13] [14] ). The construction of jetties to achieve inlet stabilization may have a significant influence on the erosional and depositional patterns on adjacent beaches [15] and in some cases new shoaling problems are observed (e.g., in [16, 17] ). On the other hand, regular dredging operations performed to enhance navigation entail a significant annual budget that is difficult to assure permanently and thus, dredging optimization is highly encouraged. Hence, numerical models have been developed and implemented to delve into the impact of these solutions in different coastal regions around the world (e.g., in [18] [19] [20] ).
Understanding the morphodynamic evolution of jettied tidal inlets after dredging operations is of paramount importance regarding management for safe inlet navigation. This work tackles this issue by applying a process-based model system (Delft3D) to forecast the morphodynamic evolution of the Figueira da Foz tidal inlet (W Portugal) under different dredging scenarios at winter maritime climate timescales. The main purposes of this research are as follows:
(1) to assess the morphodynamic response of the tidal inlet, that is subjected to dredging operations, under winter wave climate conditions; (2) to compare the obtained results with natural evolution (i.e., no-dredging operations); (3) to improve the knowledge about the parameters that contribute to sediment infill of dredging operations; (4) to evaluate the effectiveness of dredging configuration (i.e., area and volume), that guarantees a bed level to safe navigation, under current wave climate conditions.
Study Area
The Mondego River estuary system is a jettied mouth wave-dominated ebb-tidal inlet at Figueira da Foz, on the west coast of Portugal (Figure 1a ). It is located between Mondego Cape, a natural headland lying to the north, and Cova Gala Beach further south. This coastal stretch presents rocky outcrops and wide semi-exposed anthropized sandy beaches (Buarcos Beach and Figueira da Foz Beach) to the north, and several narrow groined sandy beaches to the south (Figure 1b ).
The Mondego River estuary can be morphologically classified as a bar-built estuary after [21, 22] , having a length of 26 km, and it splits in two branches at 7 km upstream of the mouth, but these converge again downstream in an old tidal mudflat. The dams built upstream in the 1970s control its fluvial flow. The fluvial flow presents a seasonal regime with maximum values that usually do not exceed 1000 m 3 ·s −1 during winter and 100 m 3 ·s −1 in the summer according to the Portuguese National Water Resources Information System. This area has a mesotidal range (mean 2.2 m) with semi-diurnal tides.
The offshore wave climate in Figueira da Foz is characterized by waves coming, predominantly, from the northwest quadrant with mean significant wave heights of 2-2.5 m and mean wave periods of 5-9 s in deep waters [23] . According to [24] , the annual number of storms varied over the years, but January and February are the months with the highest average number (1.52 storms per month). This wave climatology results in a strong southward potential littoral drift estimated at about 1 × 10 6 m 3 ·year −1 [25] [26] [27] .
Two jetties with lengths of 500 and 950 m at the north and south of the mouth of Mondego estuary-inlet, respectively, were built in the 1960s to stabilize the inlet location and to guarantee safe navigation [28] . Nevertheless, these jetties generated a large accretion on the updrift coast and erosion on the downdrift coast denoting a preferential southward sediment transport. For instance, the shoreline progradation rate ranged from 7 m·year −1 at Buarcos Beach to 25 m·year −1 at the northern jetty for the period 1958-1977 and from 4 to 17 m·year −1 for the period 1977-1982. The shoreline retreat rate at the south coast was about 3.6 m·year −1 for the period 1958-1977 and 8 m·year −1 for the period 1977-1982 [29] . Between 2008 and 2010, the northern jetty was extended by 400 m aiming to reduce the accretion of sediments at the inlet that hinders navigation towards the local harbor [30] . Recent bathymetric surveys ( Figure 1c ) show that the ebb delta has the form of a small arch characterized by updrift and downdrift bypassing bars which are attached north to the Figueira da Foz Beach and at south to Cova Gala Beach, near the 4th and 5th groins. At the inlet mouth entrance, the ebb shoal has an equilibrium height, which is estimated to be -5 to -6 m from the chart datum (CD) (i.e., 2 m below mean sea level), despite dredging operations performed to guarantee a safe navigation bed level (i.e., 9 m below mean sea level). As the longshore sediment transport is higher than the tidal prism (8.9 × 10 5 m 3 in spring tides and 1.8 × 10 5 m 3 in neap tides) this is a wave dominated ebb delta which is efficient in the transport of sand from north to south through the ebb shoal at the inlet. It is a bypassing bar system [31] .
In order to keep the bed level suitable for safe navigation, regular dredging operations are performed at the inlet mouth entrance or updrift of the inlet mouth entrance (see polygons in Figure 1c ). For instance, two operations in the summer of 2015 (total dredged volume of 107 × 10 3 m 3 ), three in the winter of 2015/16 (total dredged volume of 285 × 10 3 m 3 ), two in the summer of 2016 (total dredged volume of 109 × 10 3 m 3 ), and two in the winter of 2016/17 (total dredged volume of 250 × 10 3 m 3 ) were performed. The monitoring program of these dredging operations revealed that their life and effect on the maintenance of the navigation channel is very dependent on wave climate. Under low-energy wave conditions, typical of summer wave climate, the dredging can last for months whereas, under high-energy wave conditions, representative of winter wave climate, it may only last a few days. As an example, the crest of the submerged sandbar was located at -7.5 m (CD) from April to October 2015 whereas it changed from −8 m (CD) in December 2015 to −5 m (CD) in January 2016 as consequence of the seven storm events recorded [32] .
Methods

Delft3D Model Setup
This research applies the process-based numerical model suite Delft3D (v.4.01.00, Deltares, Delft, The Netherlands) [33] in 2DH mode, which means that only depth-averaged processes are simulated. This model suite contains a detailed description of relevant processes such as waves, tides, currents, and sediment transport, as well as the interaction with each other. The Delft3D model performs the hydrodynamic computations, and simultaneously calculates the transport of sediments and updates the bathymetry.
The computational domain consisted of three nested numerical grids of progressively increasing resolution designed by [34] with Delft3D-RGFGRID. These are domain 1 with dimensions 335 × 115 km 2 (Figure 2a ). Delft3D-WAVE module was configured using these three nested numerical grids whereas Delft3D-FLOW module was configured using only the numerical grid called domain 3.
The wave boundary conditions were introduced along eight points (42, 41, 40, and 39 (Figure 2a ). The spectral wave forcing input was originated from a wave hindcast based on the WWIII model [35] .
The flow boundary conditions were introduced along 44 points in the open boundary of domain 3 (Figure 2a ). The tide input is based in a global ocean tide model (NA0.99b model), representing the major 16 constituents with a spatial resolution of 0.25 • , and has been estimated by assimilating about 5 years of TOPEX/POSEIDON altimeter data [34] .
The initial numerical bathymetry was built with Delft3D-QUICKIN using bathymetry data from the European Marine Observation and Data Network (EMODnet) and from local bathymetry surveys performed in October 2016 close to the harbor, estuary mouth, and adjacent beaches [34] . This bathymetry was considered as reference bathymetry (i.e., no-dredging operations) ( Figure 2b ) and it was the base for designing the dredging scenarios (Section 3.2). bathymetry was considered as reference bathymetry (i.e., no-dredging operations) ( Figure 2b ) and it was the base for designing the dredging scenarios (Section 3.2). The model calibration procedure is briefly described since it was discussed in detail in [34] . The Delft3D-WAVE module was validated across three domains through comparison of modeled variables (significant wave height, mean wave period, and mean wave direction) with records of three buoys (Leixões buoy, 83 m depth, to domain 1 and MAST-WAVEMOD project buoys, 72 m and 19.7 m depth, [36] to domains 2 and 3, respectively (see dots in Figure 2a )). The agreement between modeled and recorded wave parameters was estimated with different statistical indicators as in [37] (i.e., Determination correlation Coefficient (R 2 ), Normalized Root Mean Square Error (NRMSE), Normalized Bias (NBI) and Hanna and Heinold Index [38] (HH)), obtaining values of R 2 = 0.61-0.87, NRMSE = 0.05-0.25, NBI = 0.03-0.17, and HH = 0.05-0.25. The best fit of the wave parameters was obtained for domain 1.
The Delft3D-FLOW module was validated through comparison of modeled free surface water level with measures made in four stations located at the inlet mouth (see squares in Figure 2a ) during a period that was comprised of spring and neap tides. The differences between modeled and measured values were 10 cm, with a phase difference of approximately 10 min for the spring tide and neap tide. The Root Mean Square (RMS) calculated with values from 0.07 to 0.24 revealed that the model reproduces the tidal propagation along the Mondego Estuary well.
The Delft3D-MOR module was validated against bathymetric changes monitored after dredging operation performed updrift of the inlet in November 2016 (Vdo = 100 × 10 3 m 3 ) by Figueira da Foz Harbour Administration. Figure 3a presents the bathymetry differences observed between 19 December 2016 and 16 November 2016 (33 days). During this period, two storm events occurred The model calibration procedure is briefly described since it was discussed in detail in [34] . The Delft3D-WAVE module was validated across three domains through comparison of modeled variables (significant wave height, mean wave period, and mean wave direction) with records of three buoys (Leixões buoy, 83 m depth, to domain 1 and MAST-WAVEMOD project buoys, 72 m and 19.7 m depth, [36] to domains 2 and 3, respectively (see dots in Figure 2a )). The agreement between modeled and recorded wave parameters was estimated with different statistical indicators as in [37] (i.e., Determination correlation Coefficient (R 2 ), Normalized Root Mean Square Error (NRMSE), Normalized Bias (NBI) and Hanna and Heinold Index [38] (HH)), obtaining values of R 2 = 0.61-0.87, NRMSE = 0.05-0.25, NBI = 0.03-0.17, and HH = 0.05-0.25. The best fit of the wave parameters was obtained for domain 1.
The Delft3D-MOR module was validated against bathymetric changes monitored after dredging operation performed updrift of the inlet in November 2016 (V do = 100 × 10 3 m 3 ) by Figueira da Foz Harbour Administration. Figure 3a presents the bathymetry differences observed between 19 December 2016 and 16 November 2016 (33 days). During this period, two storm events occurred promoting the infill of 60% of the dredged volume. The numerical results for the period covering both surveys were compared against observations (Figure 3b ,c).
promoting the infill of 60% of the dredged volume. The numerical results for the period covering both surveys were compared against observations (Figure 3b Five sediment transport equations namely, Bijker [39] , Soulsby [40] , Soulsby-Van Rijn [40] , Van Rijn-93 [41] and Van Rijn-04 [42] were tested using default parameters to identify the one that best reproduced the morphodynamic evolution patterns at the tidal inlet as well as the infill rate of the dredging operation. Then, the effect of sediment transport parameters (α bs and α bn ), which determine the influence of the bottom slope in the longitudinal (transverse) direction of the bedload component, was assessed following the procedure described in [43] to find the optimal parameters. Additionally, the variable sediment grain size distribution (d 50 = 0.35-0.65 mm) based on field sediment samples and the variable bottom sediment thickness distribution (0.1-8 m) obtained from seismic data were checked. This calibration study indicated that Soulsby-Van Rijn [40] and Van Rijn-04 [42] , hereinafter Van Rijn, transport equations with sediment transport parameters α bn = 25 and α bs = 0.5, a variable distribution of sediment grain size and sediment thickness, lead to good results (Brier Skill Score [44] values of 0.45 and 0.36, respectively). The model simulates littoral sediment transport from north to south which promote the infill of the dredged area similar to what was observed. Nevertheless, the obtained solutions with the Soulsby-Van Rijn sediment transport equation [10] (Figure 3b ) displays a bathymetry evolution at the inlet mouth which is less realistic than the Van Rijn sediment transport equation [42] ( Figure 3c ). The infill sediment rate of dredging operation estimated based on the modeled result with the Soulsby-Van Rijn sediment transport equation [40] was 80% after 30 days which is higher than the infill sediment rate estimated from the bathymetry surveys ( Figure 3a ). The monitoring of dredging operation over time revealed that 89 days (four storm events) were necessary to achieve an infill sediment rate of 80%. Moreover, numerical simulations to assess mean sediment transport rates at this coastal stretch were performed over a representative year (i.e., 2004) with both sediment transport equations. The value obtained with the Soulsby-Van Rijn sediment transport equation [40] was 5 × 10 6 m 3 ·year −1 whereas the value obtained with Van Rijn sediment transport equation [42] was 1 × 10 6 m 3 ·year −1 , which is in close accordance with [25] [26] [27] . Consequently, the Van Rijn sediment transport equation [42] was used in the following numerical modeling analysis.
Dredging Scenarios
The dredging scenarios were based on the concept of deposition basin or sand traps. The sediments which are moving along the coast due to waves and longshore currents are collected in the impoundment basin (sand trap), and thus decreasing the volume of sediments going inside the navigation channel [45] . In the Figueira da Foz case study, these basins will enhance the reduction of volume of sediment that contributes to the growth of the submerged sandbar after its dredging.
The design of each dredging scenario was made according to the following criteria: availability of sediment in the area and location of current effective operations such as dredging operation of November 2016 described in Section 3.1 (Figure 3a ). Five dredging scenarios, whose location and shape are depicted in Figure 2b 
Wave Climate Data
The morphodynamic simulations consider winter wave climate months (January, February, and March) corresponding to high, medium, and low wave power energy. In these months, the bed topography is highly variable whereas under summer wave climate months it remains almost constant [32] .
The selection of winter wave climate input periods was based on offshore wave climate data analysis provided by the Spanish Harbour Authority to SIMAR 1042062 point (9.50 • W 40.50 • N) from 1958 to 2017. SIMAR datasets are composed by the concatenation of two temporal series of winds and waves originated from numerical modeling: (i) SIMAR-44 temporal series created from the WAM model; and (ii) WANA temporal series (2000-present) computed with WAM and WaveWatch models forced by the wind fields of the HIRLAM model [46] .
The wave power energy (P) in deep waters was estimated from:
where H s is the significant wave height and T e is the wave energy period which can be estimated from zero-crossing period (T 02 ) as in [47] :
The monthly wave power energy was evaluated for the whole period. Three periods from January to March were chosen representing high (2014), medium (2007), and low (2012) wave power energy, respectively, with 100, 48, and 25 kW·m −1 . The return period corresponding to these wave power energies was determined by adjusting a Gumble distribution model to the data and the obtained values were 189, 2.3, and 1 year, respectively.
The identification of storm events in the chosen periods was made following the criteria of [24] , i.e., significant wave height higher than 4 m and duration higher than 12 h. For each storm event the power storm index (PSI) was estimated according to [48] :
where H smax is the maximum significant wave height recorded in the storm event and d is the duration in hours of the storm event. The January-March 2014 period showed 15 storm events with durations between 12 and 253 h and PSI between 232 and 18,279 m 2 ·h. The January-March 2007 period presented seven storm events with duration between 20 and 56 h and PSI between 480 and 2597 m 2 ·h. The January-March 2012 period was characterized by three storm events with duration between 23 and 32 h, and PSI between 508 and 677 m 2 ·h (Table 1) . 
Simulations
Numerical simulations were performed in order to assess the morphodynamic evolution of reference and dredging scenarios described in Section 3.2 under different wave climate conditions aforementioned in Section 3.3 ( Table 2) .
The bed level data (i.e., bathymetry) obtained were processed with ArcGIS software (v.10.4, Esri, Redlands, CA, USA). The utilization of ArcGIS tools minus, cut fill and interpolate line allowed the estimation of difference maps between days of simulation, the sediment volume accreted or eroded at the dredged area, as well bathymetric profiles at the navigation line of tidal inlet mouth entrance (brown line at Figure 2a ). 
Results
Bathymetry Evolution in Dredging Area and Tidal Inlet Mouth Entrance
The numerical solutions for the reference scenario (Figure 4) show the development of a submerged sandbar extending southwards from the head of the north jetty. The successive maps revealed bathymetry changes that are closely linked to wave climate conditions. Higher morphology changes were observed after storm events: during the second fortnight of January (Day 30 in Figure 4a For the dredging scenarios (e.g., DRD1 scenario in Figure S1 ), the sedimentation basins promote a reduction of sediment transport fluxes that enhances sediment storage coming from the northern littoral drift. These basins slowed down the development and migration of submerged sandbars and therefore could be seen as an effective mechanism to protect the tidal inlet mouth entrance. Nevertheless, the dredging effectiveness to retain sediment was determined by wave climate conditions (i.e., wave energy) and dredging operation configuration (i.e., sediment volume extraction and surface). 
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The evolution of the bathymetric profile at the tidal inlet corresponding to the navigation line 280 ( Figure 2b ) is illustrated in Figure 5 The evolution of the bathymetric profile at the tidal inlet corresponding to the navigation line ( Figure 2b ) is illustrated in Figure 5 for the reference and DRO and DRE solutions under the high wave energy scenario (i.e., 2014).
The evolution of the bathymetric profile at the tidal inlet corresponding to the navigation line ( Figure 2b ) is illustrated in Figure 5 for the reference and DRO and DRE solutions under the high wave energy scenario (i.e., 2014). At the beginning of the simulation the reference scenario ( Figure 5a ) presented a submerged sandbar whose crest (z = −9.5 m above MSL) was centered at 750 m. After 30 days, the crest migrated offshore until 850 m, reaching a depth of -5 m above MSL, and thus, exceeding the safe navigation bed level (z ≤ 9 m above MSL). The submerged sandbar continued evolving and the crest migrated onshore to 600-650 m and its depth decreased from −4.5 to −3.8 m above MSL at the end of the simulation. The evolution of profile of the DRO scenario ( Figure 5b ) followed a similar pattern but the crest of the submerged sandbar was at −4.8 m above MSL at the end of the simulation. The evolution profile for the DRE scenario was slightly different in terms of width and depth of the submerged sandbar (Figure 5c ). The safe navigation bed level was attained by day 45 when the crest reached a depth of −6.5 m above MSL and it kept this depth despite its small offshore migration. Under the 2007 and 2012 wave energy scenarios (not shown), the evolution of the submerged sandbar was less acute due to lower wave energy. The crest of the submerged sandbar maintained almost the same position in the dredging scenarios of high volume (i.e., DRD and DRE) whereas in the reference At the beginning of the simulation the reference scenario (Figure 5a ) presented a submerged sandbar whose crest (z = −9.5 m above MSL) was centered at 750 m. After 30 days, the crest migrated offshore until 850 m, reaching a depth of -5 m above MSL, and thus, exceeding the safe navigation bed level (z ≤ 9 m above MSL). The submerged sandbar continued evolving and the crest migrated onshore to 600-650 m and its depth decreased from −4.5 to −3.8 m above MSL at the end of the simulation. The evolution of profile of the DRO scenario ( Figure 5b ) followed a similar pattern but the crest of the submerged sandbar was at −4.8 m above MSL at the end of the simulation. The evolution profile for the DRE scenario was slightly different in terms of width and depth of the submerged sandbar (Figure 5c ). The safe navigation bed level was attained by day 45 when the crest reached a depth of −6.5 m above MSL and it kept this depth despite its small offshore migration. Under the 2007 and 2012 wave energy scenarios (not shown), the evolution of the submerged sandbar was less acute due to lower wave energy. The crest of the submerged sandbar maintained almost the same position in the dredging scenarios of high volume (i.e., DRD and DRE) whereas in the reference and dredging scenarios of low volume (i.e., DRO and DRA) it migrated towards an onshore position. Its depth changed by about 0.5 m after 90 days of simulation. Figure 6 presents the bathymetry differences after the three-month simulation period. The obtained results under the high-energy wave scenario (i.e., 2014, Figure 6a -e), characterized by a set of extreme storm events (Table 1) , revealed sharp changes in the bathymetry reaching values of sediment erosion of -5 m and sediment accretion of 8 m. There was an intense sediment accretion parallel to the shoreline in the northern part of the north jetty and at the mouth of the tidal inlet. Nevertheless, this pattern of sediment accretion diminished in the presence of higher sedimentation basins (Figure 6e ) because they accumulated the sediment inside. and dredging scenarios of low volume (i.e., DRO and DRA) it migrated towards an onshore position. Its depth changed by about 0.5 m after 90 days of simulation. Figure 6 presents the bathymetry differences after the three-month simulation period. The obtained results under the high-energy wave scenario (i.e., 2014, Figure 6a -e), characterized by a set of extreme storm events (Table 1) , revealed sharp changes in the bathymetry reaching values of sediment erosion of -5 m and sediment accretion of 8 m. There was an intense sediment accretion parallel to the shoreline in the northern part of the north jetty and at the mouth of the tidal inlet. Nevertheless, this pattern of sediment accretion diminished in the presence of higher sedimentation basins (Figure 6e ) because they accumulated the sediment inside. The results with medium-energy wave conditions (i.e., 2007, Figure 6f -j) indicated an intense sediment accretion in the northern part of the north jetty and at the mouth of the tidal inlet. As in the previous case, this sediment accretion reduced with sedimentation basins (Figure 6g-j) . Regarding low-energy wave conditions (i.e., 2012, Figure 6k -o), bathymetry changes were lower than other years due to the reduced number of storm events (Table 1) during the simulated period. It is noteworthy the intense accretion inside sedimentation basin in the north and east edges (Figure 6l-o) .
The comparison between numerical solutions concerning the reference and dredging scenarios highlighted that DRO and DRA dredging scenarios were not effective for sediment retaining because the results were similar to those obtained with the reference scenario. The DRD and DRE dredging scenarios, with dredged sediment volumes of V do = 1065 × 10 3 and 2925 × 10 3 m 3 , respectively, promoted a huge sediment retention inside the sedimentation basin and thus can avoid shoaling at the tidal inlet mouth.
Detailed analysis of these results revealed that the small sedimentation basins (DRO and DRA dredging scenarios) were only effective under low-energy wave conditions whereas, under high-energy wave conditions, few solutions corresponding to high volume of dredged sediment (DRD and DRE dredging scenarios) drive results that guarantee a safe navigation bed level at the tidal inlet mouth (z ≤ 9 m).
Dredging Scenarios Lifetime
Dredging Scenarios Lifetime under Propagated Wave Climate
The evolution of the bathymetry in the dredged area was characterized from the accumulative sediment infill rate in the sedimentation basin. The sediment infill rate is an indicator of the dredging capacity to retain sediment and, thus, to avoid the development of a submerged sandbar at the inlet mouth. The sediment volume (V d ) in the dredged polygon was estimated for the three wave conditions and for each scenario every 15 days and these values were subtracted from the initial dredged volume (V do ). Figure 7 represents the calculated sediment infill rate against wave energy power accumulated for each wave climate scenario. The negative values of ratio V d /V do means the dredged area suffered accretion after silting dredged area. In other cases, after silting, there was erosion in response to wave climate conditions and values of ratio V d /V do increased. These cases were not included in the present analysis.
The detailed analysis of the dredged area for the different scenarios studied revealed the effect of the area and the depth of the sedimentation basin in the percentage of the remaining volume at the dredging scenarios ( Figure 7) . It was verified for all wave conditions that small volume dredging operations such as DRO (V do = 155 × 10 3 m 3 ) filled more quickly than high volume dredging operations such as DRE (V do = 2925 × 10 3 m 3 ). Under the high-energy wave scenario (Figure 7a) , DRO, DRA, and DRD completely filled after 30 days (wave energy power accumulated of 113,115 kW·m −1 ) whereas DRE filled after 60 days (wave energy power accumulated of 228,302 kW·m −1 ) (Figure 7a ). Under the medium-energy wave scenario, DRO and DRA completely filled after 90 days (wave energy power accumulated of 133,360 kW·m −1 ) whereas DRD1, DRD2, and DRE had free 23%, 43%, and 77% of their capacity (Figure 7b ). Under the low-energy wave scenario, no dredging scenario completely filled after 90 days (wave energy power accumulated of 74,629 kW·m −1 ) (Figure 7c ). The detailed analysis of the dredged area for the different scenarios studied revealed the effect of the area and the depth of the sedimentation basin in the percentage of the remaining volume at the 
Dredging Scenarios' Lifetime under Wave Climate Conditions (1958-2017)
Knowledge of the lifetime of a dredging operation under current wave climate conditions is an important issue for stakeholders. Based on the wave climate data series (SIMAR 1042062 point ), the time, T*, needed to achieve the accumulated wave power energy that corresponds to 90% of infill, according to Figure 7 , was computed for each year. The mean values and the percentiles of T* were computed and are presented in Figure 8 for each dredging scenario. Two periods to perform dredging operations were considered: one at the beginning of winter wave climate (1 October) and other at the end (1 April). The lifetime of dredging operations is more variable for big dredging scenarios (i.e., DRD2 and DRE). This lifetime depends on the period of year they are carried out and its configuration (i.e., dredged sediment volume). The mean lifetime decreased when the selected dredging period was at the beginning of the winter (Figure 8b ) because high-energy wave conditions contribute more to sediment accretion inside sedimentation basin. This reduction was higher for small dredging scenarios (i.e., DRO and DRA) where the life diminished by half (100 days) whereas for the two big dredging scenarios (i.e., DRD2 and DRE), the life diminished from 325 to 225 days and from 900 to 800 days, respectively.
for the two big dredging scenarios (i.e., DRD2 and DRE), the life diminished from 325 to 225 days and from 900 to 800 days, respectively. 
Discussion
The application of the Delft3D model on Figueira da Foz tidal inlet resulted in reasonable morphological predictions for both reference and dredging scenarios. The calibrated model [34] was able to reproduce the natural (i.e., no-dredging operations) evolution of the inlet concerning the submerged sandbar (Figures 4, and 5a ) and the respective infilling of the sedimentation basin after dredging operations ( Figure S1 ). The suitability of this model for this kind of study has also been reported in other tidal inlets (e.g., in [14, 19, 20, 49] ).
Numerical modeling results disclosed differences in the bathymetry evolution of the dredged area and at the tidal mouth entrance (Figures 4-6 and S1) in response to the consideration of different wave climate conditions (low, medium, and high-wave energy) and distinct dredging scenarios (Vdo = 155 × 10 3 -2925 × 10 3 m 3 ).
The wave climate is responsible for morphological changes observed at the tidal inlet, particularly, during storm events. The biggest changes (Figure 4c ) happened after extreme storm events, for instance, the unusual storm event of 1 February 2014 with PSI = 18,279 m 2 .h ( Table 1) . These results are consistent with other observational and modeling studies under storm conditions (e.g., in [3, 50] and references therein). The maximum tidal current velocity values at Figueira da Foz inlet ranged from 0.8 to 1.2 m.s -1 for spring tides and from 0.4 to 0.7 m.s -1 for neap tides [51] . Previous work [51] revealed a decrease of the residual currents of about 10% between dredging and reference scenarios. The tidal current does not promote significant bathymetric changes at the inlet as it is observed during summer (i.e., under low-energy wave conditions) [32] . Therefore, the morphodynamic inlet evolution is determined essentially by waves that promote, along this coastal stretch, an estimated annual volume average of sediment transport of approximately 1 × 10 6 m 3 .year - 
The application of the Delft3D model on Figueira da Foz tidal inlet resulted in reasonable morphological predictions for both reference and dredging scenarios. The calibrated model [34] was able to reproduce the natural (i.e., no-dredging operations) evolution of the inlet concerning the submerged sandbar (Figures 4 and 5a ) and the respective infilling of the sedimentation basin after dredging operations ( Figure S1 ). The suitability of this model for this kind of study has also been reported in other tidal inlets (e.g., in [14, 19, 20, 49] ).
Numerical modeling results disclosed differences in the bathymetry evolution of the dredged area and at the tidal mouth entrance (Figures 4-6 and S1) in response to the consideration of different wave climate conditions (low, medium, and high-wave energy) and distinct dredging scenarios (V do = 155 × 10 3 − 2925 × 10 3 m 3 ).
The wave climate is responsible for morphological changes observed at the tidal inlet, particularly, during storm events. The biggest changes (Figure 4c ) happened after extreme storm events, for instance, the unusual storm event of 1 February 2014 with PSI = 18,279 m 2 ·h (Table 1 ). These results are consistent with other observational and modeling studies under storm conditions (e.g., in [3, 50] and references therein). The maximum tidal current velocity values at Figueira da Foz inlet ranged from 0.8 to 1.2 m·s −1 for spring tides and from 0.4 to 0.7 m·s −1 for neap tides [51] . Previous work [51] revealed a decrease of the residual currents of about 10% between dredging and reference scenarios.
The tidal current does not promote significant bathymetric changes at the inlet as it is observed during summer (i.e., under low-energy wave conditions) [32] . Therefore, the morphodynamic inlet evolution is determined essentially by waves that promote, along this coastal stretch, an estimated annual volume average of sediment transport of approximately 1 × 10 6 m 3 ·year −1 [25] [26] [27] . This value is higher than the tidal prism estimated for Mondego estuary (8.9 × 10 5 m 3 ). Consequently, this is a bypassing bar system according to the definition in [31] .
The dredging operations modify sediment transport pathways [14, 19, 20, 51] . Fernández-Fernández et al. [51] highlighted that total sediment transport fluxes decreased inside the dredged area, enhancing the accretion processes in this area. Therefore, the dredged area acts as a deposition basin. Furthermore, the dredging operations also have an impact on the hydrodynamic processes [51] . The dredging processes increases the depth in the dredged area due to the excavation, enhancing a decrease in wave height, orbital velocity, wave-induced currents, and tidal currents velocities [51] .
The dredging scenarios investigated present a lifetime that is in accordance with prior field observations [32] . This fact is illustrated with the example of the infill sediment rate of the dredging operation performed in November 2016 (V do = 100 × 10 3 m 3 ) (see DR_M polygon in Figure 1c ) for 89 days (16 November, 2016 and 12 February, 2017) and it was estimated, based on bathymetry surveys, as 80% [32] . The mean wave energy power of this period was 45 kW·m −1 , corresponding to a medium wave energy year, and the accumulated wave energy power was 128,000 kW·m −1 . Furthermore, the selection of the period of the year to perform the dredging operations (i.e., period of low or high wave energies) appears to be crucial for their lifetime as highlighted by [20, 32] .
Conclusions
This research showed how a calibrated Delft3D model can reproduce sedimentation basin evolution and sediment infill in a high-energy coast. The studied place concerned the Figueira da Foz coastal system (W Portugal), where different dredging scenarios for a tidal inlet were assessed. In particular:
(1) The response of the tidal inlet morphodynamic for three-month winter period under winter wave climate conditions after dredging operations was shown. (2) The results obtained under natural evolution (i.e., no-dredging operations) were compared with those of dredging operations. This disclosed that dredging operations slowed down the development of a submerged sandbar extending southwards from the head of the north jetty. (3) A better understanding of the underlying factors that play a role in the sediment infill of dredging operations at wave-dominated inlets was provided, revealing the link between sediment infill and wave climate conditions, as well as with sedimentation basin configuration. (4) The effectiveness of dredging configurations was assessed. This highlighted that dredging operations performing updrift of the tidal inlet prevent a quick shoaling at the tidal inlet mouth entrance that could promote safe navigation towards the inlet. Nevertheless, the dredging operation effectiveness depends on wave energy and sedimentation basin configuration (i.e., area and volume).
The methodological approach used for this study can be suitable for other high-energy coasts, helping stakeholders in the search of dredging scenarios, including the promotion of maritime safety. 
